Undecaprenyl pyrophosphate synthase (UPPS) catalyzes the consecutive condensation of 8 molecules of isopentenyl pyrophosphate with farnesyl pyrophosphate to yield C55-undecaprenyl pyrophosphate, which is required for bacterial cell wall synthesis. UPPS is found in both gram-positive and gram-negative bacteria, and based on the differences between bacterial variants of UPPS and their human counterpart, dolicopyrophosphate synthase, it was identified as an attractive antibacterial target. An assay, which monitors the release of Pi by coupling the UPPS catalyzed reaction with inorganic pyrophosphatase, was employed to conduct an HTS campaign using an inhouse collection of compounds. A direct assay measuring the incorporation of 14C-IPP (isopentenyl pyrophosphate) was used as a secondary assay to evaluate the highthroughput screening (HTS) hits. From the HTS campaign, a few classes of UPPS inhibitors were identified. During the process of hit evaluation by the direct assay, the authors observed that Triton, an essential factor for the enzyme activity and accurate formation of the natural product, dramatically altered the inhibitory activity of a particular class of compounds. Above its critical micellar concentration (CMC), Triton abolished the inhibitory activity of these compounds. Further research will be required to establish the biophysical phenomenon that causes this effect. Meanwhile, it can be speculated that Triton (and other detergents) above CMC may hinder the identification in screening compounds of certain classes of hits. (Journal of Biomolecular Screening 2003:712-715) 
INTRODUCTION

U
NDECAPRENYL PYROPHOSPHATE SYNTHASE (UPPS) is involved in the synthesis of polyisoprenoids in bacteria. Its precise function is to catalyze the consecutive condensation of 8 molecules of isopentenyl pyrophosphate (IPP), initially with farnesyl pyrophosphate (FPP) and then with the subsequent intermediates of increasing length. Ultimately, the UPPS catalyzed reaction yields C55-undecaprenyl pyrophosphate, which has been demonstrated to be essential for bacterial cell wall synthesis. 1 Triton, a nonionic detergent, is widely used in dissolving membrane proteins. Its properties are displayed in Figure 1 . Previous studies showed that Triton was essential for UPPS activity in vitro probably by mimicking the lipidic environment in which this enzyme may operate in vivo. 2, 3 A high-throughput screening (HTS) campaign to identify UPPS inhibitors was conducted against ca. 500,000 compounds. We employed a new phosphate determination assay that utilizes coupling enzymes in the HTS. 4 These coupling enzymes convert inorganic phosphate released from the UPPS reaction in the presence of inorganic pyrophosphatase to a fluorescent product, resorufin. A direct assay measuring the incorporation of 14C-IPP was also used as a secondary assay to evaluate the HTS hits. From this screen, a few classes of UPPS inhibitors were identified. However, we found that the potency of a particular class of compounds was dramatically altered at Triton concentrations above its critical micellar concentration (CMC).
MATERIALS AND METHODS
Reagent supply
UPPS enzyme was cloned and purified by colleagues within GlaxoSmithKline. 14C-IPP used in the direct assay was purchased from Perkin Elmer. The substrates, FPP and IPP, Triton X-100, coupling enzymes (PNP, XOD, HRP), inorganic phosphatase, and other chemicals were purchased from Sigma.
Enzyme activity: coupling assay (fluorimetric determination of phosphate)
The phosphate generated from UPPS reaction was measured by a coupling assay, fluorimetric determination of phosphate, which was described in Vazquez et al. 4 A modified protocol was used in this screen. In brief, the enzyme reaction was started by adding 15 µL of UPPS at 30 nM to 15 µL of substrate mixture containing 1 µM FPP and 7.2 µM IPP in a buffer containing 100 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.5 mM MgCl2, 0.005% Triton, and 1 U/mL inorganic pyrophosphatase. The reaction was allowed to incubate at 25°C for 45 min and quenched with 30 µL of a cocktail containing 50 mM Tris-HCl, pH 7.5, 3.24 mM Inosine, 2 U/mL HRP, 0.8 U/mL XOD, 0.04 U/mL PNP, 100 mM EDTA, and 70 µM of Amplex Red (see Vazquez et al. 4 for more details). After another 30 minutes of incubation at 25°C, the plate was read at 530/590 on Victor 2 (Perkin Elmer). In the HTS process, compounds were added to 384-well assay plate in a final concentration of 10 µM and incubated with the enzyme for 10 min prior to the addition of the substrates.
Enzyme activity: direct assay (butanol extraction)
Unlike the coupling assay, the direct assay was performed in Eppendorf tubes. A total of 50 µL of UPPS at 8 nM for Tritondependent UPPS activity (or 20 nM for IC 50 confirmation) was mixed with 50 µL of substrate mixture containing 1 µM FPP and 7.2 µM 14C-IPP in a buffer containing 100 mM Tris-HCl, pH 7.5, 50 mM KCl, 0.5 mM MgCl2, and various concentrations of Triton. After 20 min incubation at 25°C, the reaction was stopped by adding 10 µL of 0.5 M EDTA, followed by addition of 110 µL of butanol. After 1 min vortexing and 2 min centrifugation, 44 µL of the butanol extract was transferred to a scintillation vial. Following addition of 15 mL of scintillation fluid, the vial was counted for 1 min in a scintillation counter (Beckman, Model LS6000LL).
RESULTS
Summary of HTS results
In the HTS effort, ca. 500,000 compounds were screened in pools. Each pool contained 11 compounds, and the final concentration of each component was at 9.1 µM in each well. The screening plates had an average Z′ of 0.6. 5 A cutoff of 65% inhibition was chosen to deconvolute the mixture hits, at which the hit rate was calculated to be 4%. This cutoff was selected due to the following considerations: First, due to limited resources, we had to keep the number of deconvoluting pools below 2000; second, the screening plates had an assay noise of~40% based on the following definition: assay noise = 3 ′ SD (standard deviation of controls with 0% inhibition). By doing this, we avoided deconvoluting many potential false positives. After confirmation, we identified hits from a few different structural classes.
Effect of Triton on UPPS activity and product formation
It is reported that the presence of Triton ensures the accurate product formation 3 : In the presence of 0.1% Triton, the prenyl chain length of C55 is the main product; however, in the absence of Triton, products with greater than C55 were formed. To study the Triton behavior of UPPS enzyme under the current experimental conditions, the activity of the enzyme was measured by direct assay under different Triton concentrations. As shown in Figure 2 , UPPS activity was stimulated by the increase of Triton concentration. It is also noticeable that the enhancement of the enzyme activity is much greater at concentration ranges from 0% to 0.01% (CMC) than the concentration ranges between 0.01% to 0.05%.
Changes in hit potency under various Triton concentrations
The HTS campaign successfully identified a number of hits belonging to several structural clusters. For the purpose of this study, only 12 compounds from 3 different clusters were selected. These compounds showed greater than 95% purity as measured by LC-MS. Dose-response experiments using both coupling and direct assays were performed on 4 compounds in cluster 1 at 7 Triton concentrations ranging from 0.0005% to 0.1%. The starting concentration of the dose-response experiment was either 50 or 25 µM with 8-point in 2-fold dilutions. For the compounds in clusters 2 and 3, 0.005% of Triton was used in the coupling assay, whereas 0.05% of Triton was used in the direct assay, since the IC 50 values generated by both methods at the same Triton concentration were almost identical, as seen from cluster 1 compounds. Table 1 illustrates the dramatic change of percent inhibition of compounds A and B in cluster 1 from Triton concentration below CMC value (0.001% and 0.005%) to above CMC value (0.005% and 0.1%). For instance, at 25 µM, compound A showed >70% inhibition at or below 0.01% of Triton, but <25% inhibition at above 0.01%. As shown in Table 2 , the IC 50 s of compounds A and B were measured to be 0.85 and 9.0 µM, respectively, at below CMC (0.005%). However, when tested at Triton concentrations of 0.05% and 0.1%, these 2 compounds did not show significant inhibition over the concentration range studied. This trend also applies to compounds C and D in cluster 1. Table 2 summarizes the IC 50 values of 12 compounds in 3 different clusters at 0.005% and 0.05% of Triton as well as their predicted molecular properties. Interestingly, out of the 3 clusters, only compounds in cluster 1 showed a dramatic decrease in activity above the CMC compared to lower Triton concentrations. The IC 50 s of the remaining 2 clusters were largely unchanged.
Predicted compound properties
To search for an explanation for this phenomenon, we used a proprietary tool developed by the Cheminformatics group at GSK to predict the chemical properties of the compounds including ClogP, solubility, polar surface area (PSA), and other parameters. The predicted values of these parameters are listed in Table 2 . In general, compounds in cluster 1 (the exception is compound B, a less potent inhibitor that shares similar properties with clusters 2 and 3) have a high PSA, 3-to 4-fold higher than the compounds in clusters 2 and 3. The solubility of the compounds in cluster 1 is also much higher than those in clusters 2 and 3.
DISCUSSION
Our data showed that the activities of compounds in cluster 1 were dramatically reduced above the Triton's CMC, that is, 0.01% (Tables 1 and 2 ). At concentrations below the CMC, these compounds exhibited IC 50 s between 0.2 and 9 µM, but at 0.05% (above the CMC), their potencies by the measurement of IC 50 were reduced to greater than 50 µM. Interestingly, the IC 50 s of compounds in clusters 2 and 3 were minimally affected by the Triton concentration (Table 2) .
UPPS is a water-soluble enzyme, but it is generally found associated with membranes. One of its substrates, FPP, and to further extent its product, UPP, are insoluble and tend to self-aggregate in aqueous environments. In the study of a phospholipase, it was found that the transfer of this enzyme from the aqueous phase to the lipid-water interface was necessary for optimal catalysis. 6 Perhaps in UPPS, the role of Triton is mainly to help the release of UPP, the highly hydrophobic product.
In an attempt to explain the experimental results of this study, the chemical properties of the compounds in the 3 different clusters that behaved differently at the micellar formation environment were compared (Table 2 ). Compounds in cluster 1 have higher predicted PSA and solubility than the ones in clusters 2 and 3, but the fact that there is one exception (compound B) makes it impossible to reach any sensible conclusion. Presumably, the enzyme and one of its substrates, FPP, are trapped in the micelles, so that compounds that cannot easily penetrate the micelles fail to inhibit the enzyme. Another speculative view of this puzzle would be that some compounds may be trapped in micelles in such a way that they are not accessing the enzyme, rendering them inactive. In any FIG. 2 . Triton dependence of undecaprenyl pyrophosphate synthase (UPPS) activity measured by direct assay. A 100-µL reaction was started in an Eppendorf tube containing the following: 4 nM UPPS, 0.5 µM FPP, and 3.6 µM 14C-IPP in assay buffer with various concentration of Triton. After 20 min incubation at 25°C, the reaction was stopped by adding 10 µL of 0.5 M EDTA, followed by addition of 110 µL of butanol. The radioactivity in butanol extract was measured as described in the Materials and Methods section. The nonlinear curve was fitted and extrapolated using the logarithmic method in Microsoft Excel (Microsoft 97 SR-2, Microsoft Corporation) (R 2 = 0.94). Data are presented as mean ± SD (n = 2). The assay conditions were the same at described in Figure 2 except that the final concentration of UPPS was 10 nM.
event, one could have expected certain properties such as ClogP to correlate negatively (or positively) with the observed behavior. This is not the case, and further studies would be required to better understand the underlying mechanism(s) of this phenomenon.
Triton is widely used in solubilizing membrane proteins, and it is known to improve the activity of membrane-bound enzymes and phospholipases. In light of this finding, an optimal Triton concentration has to be determined in a biochemical assay to keep the enzyme functional and not mask the activity of some classes of compounds.
CONCLUSIONS
We have reported the effect of micellar formation with Triton on the activity of HTS hits from a UPPS screen. The CMC value plays a critical role for certain compounds which exhibit a predicted high PSA. Although the mechanism of this phenomenon requires further exploration, our findings suggest that using a Triton concentration above the CMC value in an HTS assay could mask the activity of particular classes of UPPS inhibitors. Furthermore, similar effects may be observed with Triton and other detergents in assays using enzymes that could be trapped in detergent micelles. NA, not available. The curve-fitting software for coupled assay was developed internally using the 4-parameter logistic nonlinear regression model. The IC 50 values of direct assay were obtained from curves using GraFit Version 4.06 (Erithacus Software Limited, Robin J. Leatherbarrow, author). See explanation for direct and coupling assay in the Materials and Methods section.
